In this paper, we propose a fast mode decision scheme for H.264 video coding to address the requirements of both low complexity and error resilience in realtime video communications. Traditional fast mode decision schemes are usually designed based on feature analysis on the source videos. However, the rate-distortion behaviors of the coding modes change when channel errors are involved. Therefore, the existing fast algorithms may not be applicable in errorresilient video coding. We first study the end-to-end ratedistortion behaviors of various coding modes, and then derive a hierarchical mode decision scheme. Different from the traditional fast algorithms that separate skip and inter modes at the beginning, we propose a fast estimation of the coding costs of skip and intra modes in a packet-loss environment, and then narrow the mode decision into one of the two paths: non-intra and non-skip. Testing shows the significant time savings of the proposed algorithm.
INTRODUCTION
The state-of-the-art H.264 video coding standard enables significant coding efficiency compared with previous standards. However, the computational complexity of the encoder is increased. Since it is widely used for power limited portable devices over wireless networks, it becomes a challenging task to reduce the computational complexity of the encoding process while achieving good quality of service.
In the H.264 video coding standard, a number of coding modes are defined to adapt the rate allocation to the video contents. Rate-Distortion Optimization (RDO) is a typical mode decision scheme for H.264 video encoding. However, traditional RDO-based mode decision is time-consuming. Many fast mode decision schemes have been proposed for realtime video applications [1] - [4] . Among them, early skip mode selection is almost always the first priority, since skip mode is frequently used [1] . The MB mode prediction approaches try to predict the best mode without checking all the coding mode types [3] - [4] . A time-efficient learning theoretic classification algorithm to discern between broad mode classes was proposed [3] . Intra/inter mode decision is also important for fast mode decision, and a feature-based algorithm is proposed, which decides the mode using the expected risk of choosing the wrong mode in a multidimensional simple feature space [4] .
Realtime video applications are often deployed under wireless network conditions, making error-resilience necessary. The Rate-Distortion (R-D) behavior of every coding mode changes when packet loss is considered. Accordingly, the traditional RDO-based mode decision has been extended for a number of error-resilient coding methods, with the estimation of the end-to-end distortion in the encoder [5] - [7] . A recursive optimal per-pixel estimate (ROPE) algorithm estimates the pixel level end-to-end distortion by keeping track of the first and second moments of the reconstructed pixel value [5] . An error robust RDO method (ER-RDO), developed for packet-loss environments [6] , was adopted in the H.264/AVC test model. ER-RDO estimates the expected overall end-to-end distortion by decoding K random realizations of the lossy channel at the encoder. It is complex if K is large for accurate estimation.
In many realtime video applications, the requirements of fast encoding and error-resilient coding should be addressed simultaneously. The previous fast mode decision algorithms, usually based on the pre-analysis and statistics of the R-D behaviors of the H.264 coding modes, may not perform well in a packet loss environment. In this paper, we propose a fast mode decision scheme for H.264 error resilient video coding based on the study of R-D behavior in a packet loss environment. The algorithm can discern between broad mode classes based on estimation of the end-to-end R-D cost of skip and intra modes. Computational complexity is reduced since only the modes belonging to the selected class need to be evaluated.
The rest of this paper is organized as follows. In Section 2, the R-D behaviors of various coding modes in terms of packet loss are studied. Section 3 describes the proposed method, including the estimation of coding costs of intra and skip modes. Experimental results and conclusions are presented in Section 4. 
PROBLEM ANALYSIS
The objective of the fast mode decision is to accelerate the encoding process while achieving acceptable video quality at the decoder side. Therefore, the R-D behaviors and the distributions of selected coding modes in a packet loss environment are examined. Figure 1 shows the average R-D operating points of various coding modes in different packet loss rates. The end-to-end distortion is computed as the average of the distortion in the decoder by simulating the decoding process 100 times. Only the first frame is intra-coded; all the remaining are intercoded. Each row of macroblocks composes a slice and is transmitted in a single packet. The statistics on Foreman (100 frames, 30 fps, QCIF, QP=28) are presented in this paper. The statistics on other sequences show similar properties.
Rate-Distortion Behaviors with Packet Loss
In an error-free environment, usually skip mode has high distortion but low rate. The inter and intra modes have similar distortions, but the intra mode usually has higher rate than inter mode. In most cases, the intra mode is not selected as the optimal coding mode. Therefore, the pre-decision between skip and inter modes is the key to accelerate the overall mode decision. However, Figure 1 also indicates that the R-D behaviors change when the packet loss rate increases. The end-to-end distortions of both inter and skip modes increase significantly, while that of the intra mode is almost unchanged. Obviously, there is a significant gap between the R-D operating points of skip mode and intra mode.
Distributions of Coding Modes with Packet Loss
The percentage of time that a coding mode is optimal is determined by its R-D behavior. In Tables 1 and 2, we Figure 1 , the end-to-end distortion of inter mode increases dramatically under lossy conditions, whereas intra mode distortion increases only slightly, some percentage of inter decisions will convert to intra. Macroblocks in background and motionless areas, which are usually skip-coded, will tend not to transfer to intra mode under lossy conditions, because of both the high error resiliency of such areas, and the near zero rate cost of skip mode. This explains the trends seen in Tables 1 and 2 : use of intra mode increases under lossy conditions, use of inter mode goes down, especially for P_8×8, and use of skip mode stays constant or increases slightly. The intra update rate greatly depends on the video content. In general, video with large motion usually needs a large number of intra blocks. This is because the intra coding cost (considering the end-to-end distortion) may be smaller than inter mode, which makes the skip/non-skip decision not the first priority task. Table 1 and 2 were derived using the error-resilient coding algorithm in the H.264 reference software [6] .
Discussion
When channel-induced distortion becomes dominant in the end-to-end distortion, the attempt to use MB-related features (e.g., motion activity) to predict the coding mode may not be helpful any more. Moreover, the previous analysis has indicated that the priority of intra mode increases with channel errors in the optimal coding mode selection, as shown in Figure 1 . Therefore, in the first step of mode decision it is reasonable to consider intra, in addition to skip that is still a dominant mode. The comparison between the coding costs of intra and skip can separate the decision into two paths: non-intra and non-skip.
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3. PROPOSED SCHEME Figure 2 gives the flowchart of the proposed mode selection scheme. First, the non-intra or the non-skip mode decision path is selected according to the comparison between the estimated end-to-end R-D costs of skip and intra modes. The end-to-end R-D cost of skip mode J skip can be directly calculated without pre-encoding the macroblock, which will be described in detail in Section 3.1. Therefore, J skip,est equals J skip . However, the R-D cost of intra mode J intra cannot be directly derived. The method to get its estimate J intra,est will be described in Section 3.2.
After the skip or intra mode is excluded based on the first decision, the problem is converted to two sub-problems: intra/inter mode decision and skip/inter mode decision. In the intra/inter path, the macroblock is pre-encoded with intra to calculate its end-to-end R-D cost J intra . The true R-D cost J intra is compared with J skip to correct a possible classification error in the previous step. If J intra is larger, then the decision switches to the inter/skip path; otherwise, it continues along the intra/inter path, starting from the calculation of the R-D cost of inter 16×16 (P_16×16) denoted J inter16×16 . If J intra is still larger, an inter mode will be selected, following the traditional RDO-based mode decision scheme; otherwise, intra is selected as optimal. The inter/skip mode decision path has a similar process, as shown in Figure 2 .
Estimation of Skip Mode Coding Cost
The end-to-end distortion of an inter or skip mode consists of source, error-propagated, and error concealment distortions. Suppose p is the packet loss rate, REF lists the reference frames and m J lists the motion vectors of all subblocks in macroblock m in frame n in terms of coding option o. The end-to-end rate distortion cost is:
where m) and R denote the macroblock-level source distortion, error-propagated distortion, error concealment distortion and number of coding bits, respectively. The error propagated distortion D ep can be recursively calculated after the current frame has been encoded, and stored as a distortion map for further reference. The new Lagrange multiplier in a packet loss environment was derived as (1-p)λ [7] , where λ is the Lagrange multiplier used in the error-free environment.
Since D ec (n, m) is independent of o, it is unnecessary to be calculated for the mode selection. Therefore, the final formula is:
Since the rate of skip-coded macroblocks is nearly zero, the calculation of its R-D cost can be further simplified: The source distortion D s,skip is the distortion between the current macroblock and the motion-compensated macroblock in the reference picture REF with zero displacement from the predicted motion vector pred_MV, which can be calculated directly. The error-propagated distortion D ep can be derived from the previous error propagation map [7] . Since J skip can be directly calculated almost without computational cost, its estimate J skip,est in Figure 2 equals J skip .
Estimation of Intra Mode Coding Cost
Using (2), the end-to-end R-D cost of intra mode is:
because the error-propagated distortion D ep does not exist. J intra can be calculated by pre-encoding the macroblock with various intra prediction directions, a time-consuming process. In the first step of the proposed scheme, an estimate of J intra is used instead. Based on our statistics, J intra of a macroblock has strong correlation with the coding cost of its co-located macroblock in the previous frame, indicated by J prev_mb . Therefore, we use a linear function to estimate J intra as:
where k is based on a number of training sequences. In this paper, we set k = 1.0, k = 2.2, and k = 3.0, if the modes of the co-located macroblock in the previous frame are intra, inter, and skip, respectively.
EXPERIMENTAL RESULTS
The proposed algorithm was implemented in H.264 reference software JM12. The error-resilient video coding algorithm proposed in [7] is taken as a reference in the comparison; it does an exhaustive search of all coding modes. 5 sequences in QCIF format at 30 frames per second (fps) are used. Only the first frame is encoded as an I frame, and the remaining frames are encoded as P frames. There are four packets per frame. We assume that the packet containing the parameter set and packets of the first frame are conveyed reliably. The packet loss situation is simulated according to the error resilience testing conditions specified in [8] . Each sequence is decoded 100 times. Comparing the proposed algorithm to the reference, we use ∆PSNR Encoder and ∆PSNR Decoder to indicate the gains in video quality measured at the encoder and at the decoder, respectively, and use ∆Bitrate to indicate the percentage increase of bit rate. As shown in Table 3 , the proposed algorithm achieves similar R-D performance to the exhaustive mode decision approach while reducing the coding time significantly. The time savings from the proposed scheme is mainly achieved from the predetermination of the inter/intra and skip/inter paths. It depends on the percentage of skip-and intra-coded blocks. For example, the time savings on Foreman is less than others, because it has fewer skip-and intra-coded blocks. Another fast algorithm can be applied in the following stages, to improve the time savings.
Conclusion: In this paper, we examined the problem of interference between fast mode decision and error resilience in video coding. We proposed a fast mode decision algorithm based on the estimation of end-to-end R-D cost. By wisely skipping a number of motion estimations and intra prediction mode decisions, the algorithm achieves up to 38% time savings with virtually no degradation in R-D performance. The time savings is achieved by a simple first step non-intra and non-skip modes classification. For future work, fast inter mode selection should be considered to achieve better R-D cost prediction and yield greater time savings.
